Abstract This work deals with the modelling and simulation of curing phenomena in adhesively bonded piezo metal composites which consist of an adhesive layer with integrated piezoelectric module and two surrounding metal sheet layers. In a first step, a general modelling framework is proposed which is able to represent curing phenomena in polymers at finite strains. Based on this formulation, a concretized model is deduced for the simulation of curing in one specific epoxy based adhesive. Here, appropriate material functions are specified and the thermodynamic consistency is proved. Regarding the finite element implementation, a numerical integration scheme and a new approach for the consideration of different initial conditions are provided. Finally, finite element simulations of a newly proposed manufacturing process for the production of bonded piezo metal composite structures are conducted. A deep drawing process of the composite with uncured adhesive layer and the subsequent adhesive curing are investigated.
Introduction
Motivated by the desire for continuous improvement, industrial countries constantly aim to develop innovative concepts and products of highest standards. Within this context, lightweight construction and smart structures are doubtless crucial keywords nowadays. Within the last decade, a number of new developments based on lightweight concepts were successfully established in nearly all fields of engineering [40] . One very challenging aspect for the implementation of such new concepts is the joining technology. Thereby, adhesives are given an important role because they join the most diverse materials, not only locally but also as full-surface bonding [29] . In the research field of smart structures, high importance is awarded to piezoceramic patches as they combine static structures with actuator and sensor functionality [34] . In that context, the Piezoceramic Fibre Composites (PFC) were shown to be the most promising technology. More precisely, the Macro Fibre Composite (MFC) is the most sophisticated device yet invented [26] .
Despite excellent properties of piezoceramic patches, the state of art is their application to the fabricated parts only after manufacturing which leads to a time and cost intense procedure [31] . Scientific fundamentals for an economic production of active structural components are worked out in the Collaborative Research Center/Transregio "PT-PIESA". One of the pursued concepts, that is considered in this paper, is the joining of sheet metal lightweight construction and piezo elements with structural adhesives to smart Piezo Metal Composites (PMC) by an innovative manufacturing approach. The basic idea is to merge the steps of forming and piezo application into one process such that they are no longer separated [31, 32] . A schematic representation of the approach is depicted in Fig. 1 . Fig. 1 Schematic illustration of the piezo metal composite (top) and manufacturing process (bottom) Firstly, the MFC is entirely surrounded by a structural adhesive, placed inside two light metal sheets, where one of them is the sheet intended to be formed and the other is a local covering sheet, see Fig. 1 
(top).
A specific distance between both metal sheets is adjusted by the help of spacers. Next, the sandwich structure is formed to its final shape while the adhesive is not yet cured. During this stage, the MFC is protected from excessively high loads by a floating support. After the forming process, the adhesive cures to a solid and thereby provides a material closure between the MFC and the light metal structure in the formed state. The principal feasibility of this method could already be demonstrated in earlier studies (see, for instance, [5, 31, 32] ).
Within the PMC, an essential role is given to the adhesive layer. Beside the impact of the adhesive's specific material behaviour, its geometrical design (i.e. the layer thickness) is of great importance. If, on the one hand, the adhesive layer is very thin, the protective function during forming vanishes. On the other hand, if the adhesive layer is too thick, risk of overloads due to volume shrinkage processes increases. Moreover, secondary deformations of the PMC might occur and a thick adhesive layer may lead to loss of the electric field in the piezoceramic due to the additional capacity between actuator and structure [36] .
First studies on the influence of the adhesive during forming have been conducted by Neugebauer et al. [32] . However, curing of the adhesive has not been taken into account so far. Thus, the aim of this study is to set up a simulation tool which enables the simulation of curing phenomena in adhesives and to investigate the impact of the curing process on formed PMCs and more precisely on the embedded MFC. One essential part of this work is to provide a phenomenological model which is capable of representing the material behaviour of the adhesive during cure and in the fully cured state. The main characteristics of this model are -the description of the progress of the chemical process during cure, -the modelling of dependencies of mechanical properties during the curing process as well as at different temperatures, and -the prediction of volume changes which are caused by chemical shrinkage and heat expansion phenomena.
Here, different modelling approaches have been presented before (see, for example, [12, 13, 15, 17, 21, 22, 28] ). The basic structure of those models is similar. Beside the application to different specific materials, one further basic difference is their employed mechanical submodel. For example models of finite strain elasticity [12] , finite strain viscoelasticity [13, 15, 17, 22, 28] and viscoplasticity at small [21] and finite strains [18] have been used. In this paper, a general modelling approach which includes the main characteristics of the Lion and Höfer model [22] is presented (see Section 2). However, it is formulated in a more general way. Especially, different mechanical submodels can be incorporated to represent the mechanical behaviour during curing. In Section 3, a particular model is introduced which is able to capture curing phenomena of one specific two component epoxy based adhesive. To this end, appropriate constitutive material functions are chosen and the thermodynamic consistency is evaluated. Within this specification, the mechanical behaviour is represented by a combination of models of finite strain pseudoelasticity and viscoelasticity. Furthermore, changes in volume due to heat expansion and chemical shrinkage processes are taken into account.
The second part of this paper deals with different aspects of the finite element implementation (see Section 4). The numerical integration of constitutive equations as well as the derivation of appropriate stress and material tangent measures for the implementation into the finite element software ANSYS TM are described. Moreover, a new algorithm is presented, which addresses numerical difficulties that arise due to thermal and chemically related volume changes. The constitutive functions for the representation of heat expansion and chemical shrinkage processes are introduced with respect to specific reference values for the temperature and a degree of cure, which is an internal variable representing the progress of the curing process. If initial values for both variables differ from previously defined reference values, an immediate volume change would be computed which may lead to instant mesh distortion. The new algorithm calculates a correction and thus keeps the initial volume constant for arbitrary initial values.
Finally, the material model is applied to the simulation of curing processes in bonded PMCs which is described in Section 5. Here, a finite element model of a deep drawn cup geometry is employed in a simplified manner such that only the part directly surrounding the MFC is modelled. To obtain a realistic forming simulation, the geometry of the final formed model relies on data which has been extracted from comprehensive simulations presented by Neugebauer et al. [32] . This simplified approach allows for reduction of computational efforts related to complicated forming simulations and makes it possible to concentrate on phenomena which accompany the curing of the adhesive. An analysis of the strains in the MFC will highlight the benefits of the new process chain of manufacturing described above.
Constitutive modelling of curing phenomena in polymers
For the mathematical representation of the phenomenological model presented in this paper, a coordinate free tensor formalism according to Ihlemann [14] is used. Thereby, the rank of a tensor is denoted by the number of its underlines. To exemplify, X and K are secondand fourth-rank tensors, respectively. Furthermore, the following general notations are used throughout this article:
-second-rank identity tensor: I, -first and third principle invariant:
-inverse and transpose of a tensor: X 1 and X T ,
-material time derivative:
A further tensor operation is introduced as follows. Assume two arbitrary second rank tensors X and Y and a symmetric second rank tensor Z = Z T . Based on these, a tensor operation denoted by superscript S 24 is defined by
In the following, the kinematics and constitutive assumptions of the general modelling approach are presented. 1 The first principle invariant equals the trace operator of the Cartesian coordinates X ab , thus I 1 (X) = trace[X ab ]. Accordingly, the third principle invariant can be derived by the determinant, thus I 3 (X) = det[X ab ]
Kinematics
The phenomenological model for the representation of adhesive's curing is built up within the framework of nonlinear continuum mechanics using the deformation gradient F for the description of the underlying kinematics. The corresponding right Cauchy-Green tensor C is defined by
Furthermore, the total volume ratio is abbreviated by
To capture different sources of deformation, the deformation gradient gets multiplicatively decomposed as depicted in Fig. 2 . Firstly, F gets decomposed into a thermochemical part F θC and a mechanical part F M by
The thermochemical part is related to chemical shrinkage and heat expansion phenomena which are assumed to be isotropic. Thus, F θC is an isotropic tensor
where J θC = I 3 (F θC ) = dV θC /d V is the scalar valued volume ratio which denotes the pure thermochemical volume change. This volume ratio is constituted by a function ϕ θC (θ, q) which depends on the thermodynamic temperature θ and a variable q referred to as degree of cure. A specific ansatz for ϕ θC is provided in Section 3.2. The mechanical part of the deformation gradient F M as well as its corresponding right Cauchy-Green tensor C M are calculated by substituting Eq. (4) 1 into (3) which yields
Next, the mechanical deformation gradient F M is multiplicatively decomposed into F V representing pure mechanical volume changes and a remaining isochoric (i.e. volume-preserving) part F :
Therein, the first term is the stress power per unit volume, T is the 2 nd Piola-Kirchhoff stress tensor and ψ and η are the Helmholtz free energy and the entropy, respectively, per unit mass. Furthermore, ̺ is the mass density and q is the heat flux vector, both defined on the reference configuration. The expression ∇θ denotes the temperature gradient with respect to the reference configuration.
To specify the general structure of the adhesive's material model, an ansatz for the Helmholtz free energy functionψ = ̺ψ per unit volume is introduced. It is additively decomposed into three parts according tô
Therein,ψ G represents the stored energy as a result of isochoric deformations described by C . Furthermore, this part depends on the current temperature θ and on an additional material function z which reflects some process dependencies. 2 The second contribution of Eq. (13) describes the material response due to pure mechanical volume changes and only depends on the volume ratio J M of the mechanical deformation. The remaining part of Eq. (13) defines the thermochemically stored energyψ θC =ψ θC (θ, q) of the material which is a function of the temperature θ and the degree of cure q. It is attributed to an amount of energy, which is initially stored in the material and which gets released due to the exothermic chemical process during curing. Furthermore, it describes the energy storage related to varying temperatures.
In Eq. (13), the variables q and z are treated as internal variables. Thus, they are prescribed by evolution equations which are defined in general form bẏ
Therein, q 0 and z 0 are appropriate initial conditions. It can be seen that both variables are monotonically increasing. More details and specific constitutive functions will be provided in Section 3.
To evaluate the ansatz (13) within the ClausiusDuhem inequality (12) , the rate of the Helmholtz free energy functionψ has to be calculated. Taking into account all dependencies of Eq. (13), its rate reads aṡ
2 The isochoric part of the free energy may be extended by additional internal variables. This would be necessary if, for example, models of multiplicative viscoelasticity or viscoplasticity are employed (cf. [18] ).
A substitution of expressions (9) - (11) and (16) into the Clausius-Duhem inequality (12) yields the dissipation inequality
which has to be satisfied for arbitrary thermomechanical processes. Following the standard methods for the evaluation of (17) (cf. [9] ), it is firstly stated that the terms in brackets in front of the △ C andθ have to be zero. This yields the potential relations for the 2 nd PiolaKirchhoff stress tensor
and the entropy
Next it is assumed, that each of the remaining terms of inequality (17) has to be non-negative which is a sufficient but not necessary condition. The non-negativity of the last term of inequality (17) is complied by Fouriers law. Formulated on the reference configuration it reads as
Here, κ ≥ 0 is the thermal conductivity. Furthermore, taking into account the propertiesq ≥ 0 andż ≥ 0 (see Eqs. (14) and (15)), the final two restrictions read as
These conditions cannot be evaluated in general form. However, for the case of the concretized material model presented in Section 3, the thermodynamic consistency is proved (cf. Section A).
Application to an epoxy based adhesive
In this section, the general modelling framework is specified to simulate the material behaviour of one specific class of adhesives. More precisely, the two-part epoxy based structural adhesive DP410 TM provided by 3M Scotch-Weld TM is modelled [1] . The adhesive is composed by mixing of two paste-like components. Afterwards, the mixture cures to a solid without any further initiation. In particular, curing takes place at room temperature such that no heating is necessary. The fully cured material can be applied within a temperature range of −55
• C to 80
• C and the glass transition temperature is about 50
• C. Furthermore, the mass density is approximately 1.1 g/cm 3 [1] . In the following, different aspects of the model specifications are addressed.
Degree of cure
First of all, the curing process is examined in more detail. In analogy to the procedures described in [16] and [25] , the curing process has been measured by Differential Scanning Calorimetry (DSC) experiments. Thus, it is assumed that the curing process can completely be determined by the exothermic reaction during the chemical process. According to Halley and Mackay [8] , different phenomenological models can be applied to simulate the curing processes of epoxy based materials. In this work, the so called n-th-order model (model of reaction order n) is employed. In view of Eq. (14) , this specific ansatz is expressed bẏ
Therein, n is a constant material parameter and K 1 (θ) is a temperature dependent thermal activation function which is constituted by the Arrhenius ansatz (cf. [8] )
where K 10 and E 1 are constant material parameters and R = 8.3144 J/(mol K) is the universal gas constant.
To account for diffusion controlled curing, which takes place at temperatures below the glass transition temperature, the ansatz (23) includes an empirical diffusion factor f D (q, θ) which, according to Fournier et al. [6] , reads as
Here, b is another constant material parameter and q end is the maximum degree of cure, which can be attained at a certain temperature θ. To evaluate the maximum attainable degree of cure, typically the DiBenedetto equation is adopted [4, 16, 33] :
Therein, T g (q) is the glass transition temperature as a function of the degree of cure and T g,0 and T g,1 are the glass transition temperatures at degree of cure q = 0 and q = 1, respectively. Furthermore, λ is a constant material parameter. In order to calculate the maximum attainable degree of cure at certain isothermal curing temperatures, Eq. (26) has to be solved for q as follows
Here, an abbreviation f T (θ) has been introduced
In Eq. (28) the assumption T g (q) = θ+∆T has been employed. Therein, ∆T denotes the difference between the glass transition temperature T g (q) attainable at specific isothermal curing temperatures, and the curing temperature θ itself. The material parameters of the model (23) -(28) have been identified using the DSC measurements. The corresponding values are listed in Table 1 . Moreover, the phenomenological behaviour of this model is depicted in Fig. 3 for different temperatures. 
Heat expansion and chemical shrinkage
Next, the thermochemical volume change due to chemical shrinkage and heat expansion processes is specified. To this end, an idealized model with the following ansatz has been chosen:
Therein, α θ is a volumetric heat expansion coefficient and β q is the maximum volumetric chemical shrinkage.
According to first measurement results, the material parameters have been set to the values listed in Table 2 . Table 2 Material parameters for Eq. (29) parameter value parameter value
Free energy and stresses
To complete the curing model, the mechanical parts of the free energy function (13) and thus the corresponding stress strain relationships have to be specified. Firstly, the mechanical response due to isochoric deformations is considered. It is described by the free energy contributionψ G (C , θ, z) in Eq. (13) . This part is modelled by a combination of a finite strain pseudoelasticity with temperature and degree of cure dependent stiffness and a sum of multiple Maxwell elements, each including process dependencies described by the material function z(t) (cf. Eq. (15)). Fig. 4 illustrates this model by means of a one-dimensional rheological representation. The corresponding free energyψ G is constituted as a sum of contributions related to a pseudo-elastic part ψ el and N k Maxwell elements, each denoted byψ ve,k :
The pseudo-elastic part is modelled by an ansatz proposed by Lion and Johlitz [23] . It takes the form
where the tensor Q is given by
Therein, a stiffness function c 10 (θ, q) is introduced. It takes into account the dependency on the curing history described by the degree of cure q(s) (s is the integration variable). Furthermore, a dependency on the current temperature θ(t) is included. The stiffness function exhibits the properties
A specific ansatz will be provided in Section 3.4. The free energyψ ve,k of one single Maxwell element (see Eq. (30)) is modelled according to an ansatz proposed by Haupt and Lion [10] :
is a relaxation function which is constituted by
Therein, e denotes the Euler's number and the parameters µ k and τ k are the stiffness and the relaxation time, respectively, for the k-th Maxwell element (cf. Fig. 4 ). Note that Eq. (34) is formulated with respect to the material function z(t) instead of the physical time t. The variable z(t) is also referred to as intrinsic time scale and is governed by an evolution equation which has been introduced in general form by Eq. (15) . Different sources of process dependencies may be defined by choosing appropriate constitutive functions for this evolution equation. However, only temperature and degree of cure dependent behaviour is assumed in this work. A specific ansatz for Eq. (15) is provided in Section 3.4.
To complete the mechanical part of the free energy function (13), the volumetric stress response described byψ V has to be constituted. This contribution is assumed to be pure elastic and is described by the ansatẑ
Therein, K > 0 is the bulk modulus. Finally, the 2 nd Piola-Kirchhoff stress tensor T is calculated by evaluation of Eq. (18) in combination with the specific constitutive relations (30) - (36) . The resulting contributions to the 2 nd Piola-Kirchhoff stress tensor are summarized in Eqs. (37) -(42). More information on the process dependent material functions c 10 (θ, q) andż and a summary of specific values for material parameters are provided in Section 3.4.
Total 2 nd PK stress
Volumetric part
Isochoric part
Pseudo-elastic part
Viscoelastic part
Process dependencies of mechanical properties
In Eq. (31) a stiffness parameter c 10 (θ, q) has been introduced which includes dependencies on the temperature θ and the degree of cure q. The specific ansatz used in this paper consists of a separation of the different physical processes
Therein, c 10,0 is a constant stiffness parameter which equals the half shear modulus G in small strain shear experiments. Furthermore, f cθ (θ) and f cq (q) are normalized functions representing the temperature and degree of cure dependencies, respectively. The normalization is accomplished in a way, such that the corresponding values of both functions range from 0 to 1.
For the representation of the temperature dependency of the fully cured material, the normalized function f cθ (θ) is constituted by the ansatz
It takes into account the major part of stiffness change near the glass transition temperature T g,1 of the cured material (cf. Table 1 ). An additional material parameter a cθ enables one to adjust the specific shape of the function. Fig. 5 illustrates the phenomenology of Eq. (44). The chosen material parameter a cθ is listed in Table 3 . The second normalized function f cq (q) of Eq. (43) represents the change in stiffness due to the curing process and thus only depends on the degree of cure. The chosen ansatz reads as
Therein, a cq and b cq are material parameters and the variables c cq and d cq are evaluated in a way such that the conditions f cq (q = 0) = 0 and f cq (q = 1) = 1 hold. An evaluation of both conditions yields the expressions
The course of the function f cq (q) is depicted in Fig. 6 . The material parameters a cq and b cq used for illustration are listed in Table 3 . Finally, the process dependency of the viscoelastic part of Eq. (30) is considered. A set of several Maxwell elements has been modelled to capture the materials viscoelastic behaviour. As presented in Section 3.3, the process dependency is accommodated by the intrinsic Degree of cure dependency fcq(q) of the equilibrium stiffness Table 3 Material parameters for Eqs. (38), (40) and (43) time scale z(t). The following ansatz for the evolution equation (15) has been choseṅ
In accordance to the pseudo-elastic stiffness (43), the dependencies on the temperature and the degree of cure have been separated in Eq. (48). The constitutive equations for both functions f zθ (θ) and f zq (q) are
The material parameters belonging to the viscoelastic part of the model are listed in Table 4 . 
Aspects of finite element implementation
The constitutive model for the representation of curing phenomena in adhesives has been implemented into the finite element software ANSYS TM . In this section, the numerical integration of constitutive equations as well as the derivation of ANSYS TM specific stress and material tangent measures are summarized. Additionally, a new algorithm is introduced which suppresses undesired initial volume changes. Those volume changes may result from thermal expansion and chemical shrinkage when initial values for the temperature and the degree of cure differ from their reference values.
Numerical integration
For the numerical integration of constitutive equations, a typical time interval (t n , t n+1 ) with ∆t = t n+1 − t n > 0 is considered. Within this time step, the 2 nd PiolaKirchhoff stress (37) has to be computed. Thus,
has to be solved. Here, values at time instance t n+1 are denoted by 
which is a nonlinear equation with respect to the solution n+1 q. It is computed by application of Newton's method. Additionally, the degree of cure n/2 q at time instance t = t n + ∆t 2 has to be computed as well. In consideration of the temperature
q is obtained according to (52) by
Next, the computation of the intrinsic time scale n+1 z is considered. Since this variable is governed by an evolution equation (48) which cannot be solved in closed form, a numerical scheme has to be applied as well. By analogy with Eq. (52), Euler backward method and the
In contrast to Eqs. (52) and (53), this relation can directly be evaluated. Thus, no iterative procedure has to be applied.
Next, the calculation of the stresses Eq. (51) is considered. While T V is already completely determined (see Eq. (38)), the stress contribution T G has to be regarded in more detail. According to Eq. (39), it includes a pseudo-elastic part n+1 T el and a sum of several viscoelastic parts summarized by n+1 T ve .
To compute the pseudo-elastic stress tensor, firstly Eq. (40) has to be formulated for time instance t n+1 :
Note that the temperature n+1 θ does not depend on the integration variable s but only on time instance t n+1 .
After substituting the ansatz (43) for the stiffness c 10 (θ, q), all values that do not depend on the integration variable s are excluded from the integral such that the pseudo-elastic stress can be rewritten by
Here, n+1 P el is an abbreviation for the remaining integral
Next, this integral is split into two sub-integrals by substituting t n+1 = t n + ∆t
The first term on the right-hand side of Eq. (58) is the solution of Eq. (57) for time instance t n . Thus, it equals n P el . The second term of Eq. (58) is computed numerically by the midpoint method
and the material time derivative of the isochoric inverse right Cauchy-Green tensor at time instance t n + ∆t 2 is approximated by
A substitution of Eqs. (59) and (60) into (58) yields the incremental representation
and the pseudo-elastic stress n+1 T el can be computed by Eq. (56). Finally, it remains to calculate the viscoelastic stress n+1 T ve . Note that the constitutive equations for the pseudo-elastic stress (40) and the viscoelastic stress of one Maxwell element (42) have a similar structure. Thus, the procedure for numerical integration is similar as well. However, the procedure described above has to be slightly adapted. Firstly, the stress contribution for one single Maxwell element (42) is formulated for time instance t n+1 :
Next, this integral is split into two sub-integrals which yields
Note that in contrast to the calculation step (58) here the intrinsic time scale n+1 z = n z + ∆z has been substituted. The first integral on the right-hand side of Eq. (63) can be expressed by the solution n T ve,k as
Since the second term of Eq. (63) cannot be solved in closed form, a numerical procedure has to be applied. Here again, the midpoint method is employed:
Furthermore, the material time derivative 
Based on this result, the total viscoelastic stress contribution can be calculated by the help of Eq. (41).
ANSYS specific stress and material tangent
The material model has been implemented into the commercial finite element software ANSYS TM by the help of the user subroutine USERMAT [2] . Within a calculation step ∆t = t n+1 − t n , several input variables are transferred to the user subroutine. These are, for example, the deformation gradients n F and n+1 F as well as user defined internal variables of the previous time step. In the opposite direction, appropriate output values have to be transferred to the software. The output includes the stress and the material tangent operator. Moreover, internal variables have to be updated for the next calculation step.
The material model described in Sections 2 and 3 has been set up in total Lagrangian representation. Thus, the stresses are given in the form of the 2 nd PiolaKirchhoff stress tensor T . Its corresponding material tangent operator K is defined by
Since ANSYS TM uses an updated Lagrangian representation for the formulation of finite strain material models [2] , appropriate transformations of the stress and material tangent measures have to be performed. An ANSYS TM specific stress tensor σ U and its corresponding material tangent operator k U are defined on the configuration K U which arises from the polar decomposition theorem. (cf. Fig. 7) . According to the polar decomposition theorem, the deformation gradient F gets decomposed into pure stretch tensors and a pure rotation tensor
Therein, V and U are the positive definite symmetric left and right stretch tensor, respectively. Furthermore, R is the orthogonal rotation tensor, thus R 1 = R T holds. By the help of the stretch tensor U , the stress tensor σ U is obtained by the push forward operation of the 2 nd Piola-Kirchhoff stress tensor T
Here, Eq. (1) has been applied for the definition of the fourth order tensor
According to [14] and [35] , the corresponding material tangent k U is calculated by the operation
Eqs. (70) and (72) have been implemented into the user subroutine USERMAT right after the computation of the Lagrangian tensors T and K.
Algorithmic correction of the initial volume
In this section, an algorithm is presented which enables the consideration of initial conditions that differ from reference values used in constitutive equations for the representation of thermochemical volume changes.
In Section 3.2, a material function ϕ θC (θ, q) has been introduced which describes changes in volume related to heat expansion and chemical shrinkage processes. This function has been formulated with respect to a specific reference temperature θ and a reference value q = 0 for the degree of cure. If the current temperature θ(t) and the degree of cure q(t) equal those reference values, the function yields ϕ θC ( θ , q ) = 1. Thus, no change in density and volume is computed. If, however, the temperature or the degree of cure differ from their reference values, a certain volume change would be calculated depending on the differences of the input variables and the specific material properties (i.e. heat expansion and chemical shrinkage coefficients). The same situation may occur right at the beginning of a numerical simulation, i.e. in the initial state. In particular, the initial temperature θ 0 and the initial degree of cure q 0 may vary compared to the previously defined reference values θ and q , respectively. In such a case, a value ϕ θC (θ 0 = θ , q 0 = q ) = 1 and, consequently, an immediate volume change would be calculated right at the beginning of a simulation. In finite element simulations, this would either lead the finite element mesh to change its volume or volumetric stresses would occur initially. Moreover, a distortion of the finite element mesh might occur.
In order to avoid this undesired behaviour and to keep the initial volume of a finite element mesh constant, a correction is made at the beginning of a simulation. To this end, the reference state and the initial state at t = 0 of a simulation are strictly separated by introducing a reference configuration K and an initial configuration K 0 according to Fig. 8 . The reference configuration K is constituted by reference values for the temperature θ , the degree of cure q = 0 and the mass density ̺. Likewise, the initial state K 0 at time t = 0 of a simulation is represented by the initial values
Next, the different deformation paths occurring in Fig. 8 are defined. Firstly, a new deformation gradient F new is introduced which represents the true deformation within a simulation. Accordingly, the deformation gradient F θC represents the true thermochemical volume change. The latter operator is constituted by
where J θC is the true thermochemical volume ratio that occurs in a simulation. Since the initial state K 0 is assumed to be deformation free, the condition
holds. Next, the mapping between the reference configuration K and the initial configuration K 0 is represented by an isotropic deformation gradient F 0
Here, J 0 represents the volume ratio between the reference and the initial configuration. This value is not a function of time and thus remains constant throughout the whole deformation process. Moreover, J 0 will be interpreted as a correction of the initial volume. Finally, a mapping between the reference state K and the configuration K θC is introduced as follows:
Note that F θC is defined by the constitutive function ϕ θC θ, q (see Eq. (29)) and thus only depends on the current temperature θ(t) and degree of cure q(t). It represents a hypothetical volume ratio that would occur if no correction is computed. Next, the initial correction is calculated. According to Fig. 8 , the relation between the deformation gradients (74), (76) and (77) at arbitrary values θ and q reads as
Since F θC , F 0 and F θC are isotropic, a similar relation can be formulated for the corresponding volume ratios:
Recall that the function ϕ θC θ, q only depends on the current temperature and the current degree of cure, and thus is fully determined. In contrast, the values J θC θ, q and J 0 remain to be calculated. To this end, the condition (75) is employed. It takes into account that no volume change occurs in the initial state. Thus, it is stated that the initial volume remains unaffected by different initial values θ 0 and q 0 . More precisely,
is assumed. Based on this condition, the initial correction J 0 is calculated by evaluation of Eq. (79) at the initial state θ = θ 0 and q = q 0 , which yields
Furthermore, the initial mass density ̺ 0 for a certain set of values θ 0 and q 0 is adjusted by
In summary, the algorithm works as follows. Firstly, the initial correction J 0 is calculated within the first load step by Eq. (81). This value is stored and can be accessed throughout all subsequent load steps of the simulation. Within each load step, the function ϕ θC θ, q constituted by Eq. (29) is evaluated and the true thermochemical volume ratio J θC θ, q is computed by Eq. (79).
Finite element simulation of PMCs
In this section, the material model is applied within finite element simulations regarding the newly proposed manufacturing process for deep drawn PMCs (cf. Section 1). Since this paper primarily focuses on phenomena related to the adhesive's curing reaction, the simulation of the forming step is reduced to a simplifying approximation based on a more complex forming simulation presented by Neugebauer et al. [32] . Nevertheless, the forming step cannot be omitted since the subsequent volume shrinkage of the adhesive leads to quite different results concerning secondary deformations of the PMC or evolving strains on the MFC. The considered finite element model is related to one specific deep drawing geometry (see Section 5.1). Based on this model, two different manufacturing processes are investigated. Firstly, simulations on the new manufacturing process (see Section 1) are conducted. To this end, Section 5.2 deals with the simplified forming step where the adhesive is not yet cured. The subsequent curing of the adhesive is considered in Section 5.3. To compare the obtained results regarding the impact on the formed PMC and the MFC, an alternative manufacturing process is investigated as well. In Section 5.4 the order of forming and curing is switched which will illustrate the negative influence on the MFC when forming takes place after the adhesive has been fully cured.
Finite element model
The specific example of sheet metal forming simulation considered in this paper relies on a deep drawn rectangular cup geometry as presented in [32] . A metal sheet with in-plane dimensions of 200 mm x 130 mm is to be formed. A cover metal sheet and a MFC are bonded to the structure by an adhesive as described in Section 1. A schematic illustration of a quarter of the final formed deep drawing cup is depicted in Fig. 9 .
Deduced from the objectives of this work, the finite element model used in this work is confined to the MFC's surrounding region of the PMC (see the dashed line in Fig. 9 ). Furthermore, two planes of symmetry are utilized such that the final model covers a quarter of the inner part of the PMC. Its basic area coincides to the size of the quarter aluminium cover sheet (Fig. 10) . Taking into account the thicknesses of the different layers (see Table 5 ), the overall dimensions of the employed finite element model are 42.5 mm x 35 mm x 2.9 mm. Both, the PMC and the finite element model consist of several components with remarkably different material behaviour. Therefore, different material models are applied for the layers of the PMC. To represent the curing behaviour of the adhesive layer, the model and its corresponding material parameters presented in Section 2 are employed. The material behaviour of the aluminium sheets is described by an elastic-plastic model provided by ANSYS TM [2] . The model incorporates plastic hardening effects represented by a bilinear kinematic hardening rule. 4 The corresponding material parameters are chosen according to the manufacturer's specifications [11] . The active part of the MFC with its unidirectional piezoceramic fibres aligned in y-direction is represented by a model of transversely isotropic elasticity [7, 39] . The non-active part of the MFC as well as the spacer are modelled by isotropic elasticity laws. A summary of the employed material parameters for the described materials is given in Table 6 . The finite element model has been meshed by a bottom up approach with three-dimensional structural solid elements, each incorporating eight nodes and linear regression functions (Fig. 11) . The complete mesh consists of about 40000 elements from which 14000 involve the adhesive's material model. To avoid volume locking effects within the adhesive layer, a mixed up-formulation is used for the corresponding elements. Furthermore, radii at the outer edges of the MFC have been modelled to reduce effects of stress concentration (see highlighted region of Fig. 11 ). 
Part I: Forming step
The first step of the simulation process approximates the deep drawing of the PMC's inner part. To this end, node displacements from the deep drawing simulation in [32] have been interpolated and defined as boundary conditions on the bottom sheet (see Fig. 12 ). This approach of approximating the deformation of the inner part provides the possibility to focus on studies regarding regions surrounding the adhesive while reducing the computational effort of a complete deep drawing simulation. Thus, typical challenges in sheet metal forming simulations like wrinkling, spring-back and contact formulations are avoided. Fig. 12 Interpolated displacement values at the bottom (1) and symmetry boundary conditions (2) on the model for the simulation of the forming step Within the forming step, the adhesive has not yet reached its gelation point and, thus, can be treated as a viscoelastic fluid [41] . To adopt the fluid like material behaviour, a simplified model is used which includes pure elastic behaviour with respect to volume changes and viscoelastic behaviour in case of isochoric deformations. The viscoelastic behaviour is represented by one single Maxwell element with constant material parameters. Here, an ANSYS TM built in viscoelastic model has been used. The material parameters are K = 5000 MPa for the bulk modulus, c = 2.0 MPa for the Neo-Hookean stiffness, and τ = 20.0 s for the relaxation time.
The simulation time of the forming step is 1000 s. The forming itself takes 30 s. The remaining period of 970 s is included to achieve a relaxed state in the adhesive. This procedure has been chosen due to numerical difficulties when using shorter simulation times for the forming step or applying smaller values for the adhesive's relaxation time. Some numerical investigations on appropriate representations of the liquid adhesive during forming were conducted in [32] . However, the aim of this simulation step is to obtain a finite element mesh of the formed PMC. Thus, the described procedure is assumed to be sufficient for the needs of this work.
Resulting from the forming simulation, Fig. 13 shows the circularity of the contour lines of the displacement u z which points to a good reproduction of the profile generated by the rectangular punch with a double curvature of 100 mm. In order to analyse the functionality of the formed PMC, the strain affecting the MFC has to be examined. According to manufacturer's specifications, the linear elastic tensile strain limit of the MFC's brittle piezoceramic fibres is about 1·10 −3 [3, 39] . If this strain level is exceeded, risk of depolarization effects increases significantly and the MFC might possibly not be able to maintain its sensor and actuator functionalities in the required magnitude [3] . Complete failure of the MFC occurs, if a maximum operational tensile strain of 4.5·10 −3 is exceeded [39] . As a result of the conducted forming simulation, Fig. 14 reveals that the deformation of the forming step exceeds the linear tensile strain limit by two to three times. However, failure of the MFC is not predicted since the strain magnitudes are below the maximum operational tensile strain. Moreover, it can be seen that there are compressed and stretched regions which points to major influence of bending deformation on the MFC. The second part of the simulation gives insight into the impact of the adhesive's curing and its associated volume shrinkage on the PMC. In order to obtain a continuous process chain of simulation, the deformed mesh of the simplified forming simulation presented in Section 5.2 is employed as starting point for the curing simulation. To account for curing phenomena in the adhesive, the viscoelastic material model used within the forming step is replaced by the material model presented in Sections 2 and 3. The point of time to conduct this change of material laws is set to the gelation point at which the fluid turns into a solid [41] . According to Meuwissen et al. [30] the gelation point is represented by a degree of cure q ≈ 0.5 − 0.6. Here, the initial value is set to q 0 = 0.5.
Within the curing simulation, the applied boundary conditions are confined to symmetries at the two crosssectional planes as can be seen in Fig. 12 . The boundary conditions on the bottom sheet are released. Since no residual stresses are transferred from the forming simulation to the curing step, no initial spring-back is observed. The simulation time of the curing simulation is set to 1800 s according to manufacturer's specifications [1] . Additionally, a constant temperature θ = 318 K is prescribed. As an example for the decisive effects of adhesive curing process, Fig. 15 shows the mechanical volume ratio J resulting from the material's volume shrinkage. The final degree of cure at this stage is q = 0.89. Note that if a free volume shrinkage is assumed, J would be equally distributed throughout the entire adhesive volume. The apparent deviations of J shown in Fig. 15 are caused by supporting effects of adjacent materials. These supporting effects can also be observed by viewing the displacements in normal direction of the free surfaces of the aluminium layers (see Fig. 16 ). As a consequence of their different thicknesses, the resulting normal displacements at the free surface of the top layer are more pronounced than these of the bottom layer.
Analogous to the investigations of the simplified forming simulation (cf. Section 5.2), the mechanical strain As can be seen from Fig. 17 , the linear elastic tensile strain limit is not exceeded due to the curing reaction. However, superimposing the strains of the forming and the curing simulation reveals that the MFC is loaded additionally in the compressed zones. For the herein presented example with its adhesive layer thickness, its further geometrically dimensions and the given forming displacements, the influence is rather negligible. Nevertheless, deviations from these conditions (smaller radii or thicker adhesive layer) may result in strain amplitudes due to forming and curing process which are vice versa.
Comparison to reversed manufacturing process
Finally, an analysis of a reversed manufacturing process proves the adhesive's protecting function to the MFC. The concluding simulation is conducted with the material model presented in Sections 2 and 3. Here, an initial degree of cure of q 0 = 0.5 is chosen and a constant temperature of θ = 318 K is prescribed. The simulation time of the curing process is 1800 s. Within this period of time, the chemical reaction is finished with the value q = 0.89 which is in accordance with the simulation in Section 5.3. Subsequently, the forming step with the cured adhesive is simulated. In Fig. 18 , the resulting tensile strain along the fibre direction is depicted. .0071 Fig. 18 Total mechanical strain εy along fibre orientation on the top (left) and the bottom (right) of the MFC due to forming with already cured adhesive
As Fig. 18 reveals, due to this strategy the entire MFC has been uniformly stretched and the maximum strain is almost four times higher than in the simulation of the actually intended manufacturing process shown in Sections 5.2 and 5.3. Moreover, not only the linear elastic tensile strain limit but also the maximum operational tensile strain of 4.5·10 −3 is exceeded. Hence, failure of the MCF is predicted in this simulation. In conclusion, it can be confirmed that the liquid adhesive protects the MFC during the forming process (see results in Sections 5.2 and 5.3).
Conclusion and discussion
The present work aims at supporting investigations of the innovative manufacturing process for smart PMCs. Apparently, the role of the adhesive is crucial due to its specific material behaviour and its geometrical design. To allow for investigations on this issue, a general material modelling approach is presented in Section 2. Furthermore, a concretized model for the representation of curing phenomena in one specific adhesive is described in Section 3. This model is able to capture the main characteristics of the two-component epoxy based adhesive considered in this paper. Moreover, the thermodynamic consistency of the model could be proved.
In Section 4, different aspects of numerical implementation into the finite element software ANSYS TM have been discussed. Beside the numerical integration of constitutive equations and the derivation of software specific stress and material tangent tensors, a new algorithm has been proposed which suppresses undesired volume changes at the beginning of numerical simulations. Those volume changes may result from thermal expansion and chemical shrinkage when initial values for the temperature and the degree of cure differ from their reference values. Only by the help of the new algorithm, the consideration of heterogeneous initial fields of temperature and degree of cure has been made possible.
Finally, in Section 5 a finite element model for a deep drawn rectangular cup has been built up as representative example for the innovative manufacturing process. The model is based on experimental and numerical studies presented by Neugebauer et al. [32] . However, in the present work a simplified model which includes only the closest surroundings to the MFC has been employed. Based on the results of the forming and curing simulations, it can be stated that the simplified forming step is capable of producing a sufficiently accurate geometry as basis for the curing simulation.
To highlight the benefit of the new manufacturing process, a reversed sequence of production has been investigated as well and the results of both processes have been compared. In Section 5.4 it has been predicted that failure of the MFC occurs if the PMC is formed after the adhesive is completely cured. Hence, it can be seen that the new manufacturing process considered in this paper exhibits particular potential to overcome these shortcomings. Here, the floating support resulting from the uncured adhesive prevents sufficiently from overloading or delamination during the forming step.
Based on the present work, which shows the qualitative feasibility of the proposed material model as well as the strategy of numerical simulation, different aspects are planned to be conducted in the future. This includes complete identification of material parameters based on experimental investigations and the extension to thermomechanically coupled simulations analogous to [19, 20] or [28] . Finally, it is intended to employ the presented approach to the simulation of different deep drawing processes (cf. [31, 32] ).
loaded in hydrostatic tension (p < 0), the condition (97) may be violated. If a constant volume is assumed (J = 1), a hydrostatic tension of p = −6600 MPa would be necessary to violate thermodynamic consistency. Nevertheless, this value seems to be unrealistic to be achieved in real experiments. Thus, the thermodynamic consistency can be proved for the case of physically reasonable conditions (see also [22, 25, 28] ).
